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Sintering  of  Si 3N4  — Y  ^  ( )  3-AI2O3  Mate  rials 
Under  Nitrogen  Pressure 


SUMMARY 


A  previous  study  on  contract  DAAG46-78-C-0017  showed  that  a  sintered 
Si  jN|(  •  15Y;;0-j  material  similar  in  oxidation  resistance  to  hot-pressed  S^N,, 
could  be  prepared  by  minimizing  the  Al^Oj  content  in  the  sample  while  main¬ 
taining  high  densities.  This  was  achieved  by  using  a  high  surface  area  SN402 
Si^Ni,  powder  and  a  tiigh  nitrogen  overpressure  during  high  temperature  (1800°C) 
sintering.  In  this  study  attempts  were  made  to  reduce  the  amount  of  Y2O3  as 
well  as  the  Al^Oj  in  the  mixtures  to  improve  the  oxidation  resistance  of  the 
samples  still  further,  but  it  was  found  that  it  was  more  difficult  to  obtain 
high  densities  for  these  materials  than  it  was  for  Si^  •  lSY^O-j  materials.  For 
that  reason,  preliminary  measurements  were  made  on  samples  containing  15%  Y^O^. 
Strength  measurements  on  as-pressed  bars  which  were  cold  isostatic.  pressed 
and  sintered  showed  that  a  Si 3N4 • 15Y,a>;  • IAI2O3  material  with  a  modulus  of 
rupture  as  high  as  514  MPa  (75  ksi)  could  be  prepared. 
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INTRODUCTION 


Silicon  nitride  is  presently  being  evaluated  for  use  in  the  Stirling,  gas 
turbine  and  diesel  engines.  Of  the  various  forms  of  silicon  nitride,  hot 
pressed  silicon  nitride  has  the  properties  which  most  nearly  meet  the  require¬ 
ments  for  many  of  these  engine  applications.  The  main  deterrent  to  its  use 
is  excessive  cost.  There,  therefore,  is  a  great  deal  of  interest  in  developing 
a  method  which  is  less  expensive  for  producing  a  high  strength  silicon  nitride 
material.  One  of  these  methods  which  can  produce  material  with  densities  which 
approach  those  of  hot-pressed  S^Ni,  materials  involves  pressureless  sintering 
of  cold  pressed  silicon  nitride  powders  containing  sintering  aids.  In  most 
cases,  in  these  sintering  studies,  the  density  which  can  be  achieved  is  limited 
by  the  temperature  at  which  dissociation  of  the  silicon  nitride  takes  place. 

By  heating  the  samples  under  high  N2  pressures,  higher  sintering  temperatures 
can  be  used  without  excessive  decomposition  of  the  Si3N4. 

In  a  previous  study  (Refs.  1  and  2),  Si3N4-Y2C>3  materials  were  selected 
for  study  because  of  the  excellent  high  temperature  properties  they  had  when 
they  were  hot  pressed.  That  study  showed  that  some  AI2O3  addition  was  necessary 
to  produce  high  density  material  by  pressureless  sintering,  but  the  oxidation 
resistant  properties  of  these  materials  decreased  with  increasing  amounts  of 
AI2O3  additions.  The  amount  of  AI2O3,  required  to  obtain  high  density  material, 
could  be  reduced  by  using  a  GTE  SN402  powder  instead  of  an  AME  powder  and  by 
the  use  of  high  nitrogen  pressure  sintering. 

In  this  program,  attempts  were  made  to  further  investigate  this  system  to 
optimize  the  properties  and  obtain  reproducible  results.  Monitoring  of  the 
shrinkage  factors  during  sintering  were  also  made  to  obtain  information  which 
could  be  used  in  the  design  of  complex  molds  for  cold  pressing. 
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BACKGROUND 


In  early  studies  on  pressureless  sintering,  Terwilliger  and  Lange  heated 
pellets  of  AME  Si3N4>5  w/o  MgO  at  1570°C  and  obtained  85-90%  of  theoretical 
density  (Ref.  3).  In  later  studies,  higher  densities  were  achieved  by  Rowel if fe 
and  Jorgensen  using  GTE  and  KBI-AME  Si3N4  powders,  Y203  additives  and  higher 
temperatures  (Ref.  4).  Ada,  Kaneno  and  Yamamoto  (Ref.  5),  Bui j an  and  Kleiner 
(Ref.  6),  and  Masaki  and  Kamigaito  (Ref.  7)  also  conducted  similar  sintering 
studies,  but  with  a  variety  of  additives  and  they  also  produced  high  density 
material.  Mitomo  and  co-workers  (Refs.  8,9),  Priest  and  Gazza  (Ref.  10)  and 
Greskovich,  Prochazka,  and  Rosolowski  (Ref.  11)  showed  that  there  was  a  definite 
advantage  in  carrying  out  the  sintering  under  high  N2  pressures.  Priest  and 
Gazza  not  only  obtained  very  high  densities  but  also  showed  that  there  was  very 
little  weight  loss  in  the  Si3N4  pellets  when  high  N0  pressures  were  used  even 
at  temperatures  as  high  as  1900°C. 

At  the  same  time  that  these  high  N2  pressure  studies  were  being  conducted, 
a  preliminary  sintering  investigation  was  also  being  carried  out  at  UTRC  with 
high  N2  pressures  using  GTE  and  AME  Si3N4  powders  and  MgO,  Ce02  and  Y?03  addi¬ 
tives.  The  objective  was  to  determine  which  Si3N4  powders  and  which  additives 
yielded  the  highest  density  products  and  to  ascertain  if  there  was  a  real  ad¬ 
vantage  in  employing  N2  overpressure  during  the  sintering  process. 

Some  of  the  materials  studies  were  AME  Si3N4*Y203,  AME  Si3N4-5MgO,  AME 
Si3N4-20CeO2,  GTE  Si3N4-5Ce02,  GTE  Si 3N4 • 20Ce02 ,  and  GTE  Si3N4-5MgO.  In  all  of 
these  studies,  for  the  same  material,  the  samples  run  under  high  N2  pressure 
(higher  sintering  temperature)  had  the  highest  densities.  The  highest  density 
was  obtained  for  materials  which  contained  15%  Y203  .  Excellent  ambient  and 
high  temperature  properties  had  been  obtained  at  UTRC  for  hot  pressed  samples 
(Ref.  12)  so  that  the  Si3N4-Y203  system  was  selected  for  more  detailed  pressure¬ 
less  sintering  studies. 

In  a  previous  program  (Ref.  1)  a  study  of  pressureless  sintering  of  Si3N4 
powders  with  various  additives  was  conducted.  Of  the  various  additives  studied, 
Ce02 ,  MgO,  etc.,  Y203  was  selected  as  the  one  which  gave  the  best  preliminary 
results.  Of  particular  interest  were  the  results  using  high  N2  pressures  over 
the  specimens  to  prevent  weight  loss  and  thus  obtain  high  densities.  On  the 
basis  of  these  results,  more  detailed  high  N2  pressure  studies  were  conducted 
using  the  Si3N4-Y203  system. 
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In  those  studies,  it  was  shown  that  some  other  additive,  in  this  case 
A1203,  was  necessary  to  promote  sintering  of  Si3N4-Y203  materials  unless  hot 
pressing  techniques  were  employed.  For  the  AME  powder  used,  about  8 % 

AI0O3  additions  resulted  in  nearly  theoretical  density  samples  for  1730°C,  1 
atm  N2  firings.  When  20  atm  of  N2  was  used  over  the  samples  (18006C  firing 
temperatures)  these  amounts  of  A1203  additions  could  be  reduced  to  4  to  5%. 

For  GTE  SN402  powder  studies,  the  corresponding  amounts  of  A1203  required  were 
2  to  3%  for  1730°C  firings  and  less  than  1%  for  1800°C,  20  atm  firings.  It 
was  expected  that  these  percentages  would  vary  for  different  batches  of  Si3N4 
powders,  but  they  did  show  a  trend. 

The  oxidation  resistance  of  these  Si 3N4 • 15Y203  materials  correlated 
well  with  the  amount  of  AI.O3  in  the  samples.  Pressureless  sintered  SN402 
Si3N4 • 15Y203 • 0. 6A1  03  showed  less  weight  gain  in  air  than  hot  pressed  Si3N4 ‘MgO 
over  an  80  hr  period  at  1350°C.  In  addition,  it  was  shown  that  the  oxidation 
resistance  improved  with  increasing  density.  As  was  expected,  the  MOR  of  the 
samples  also  increased  with  increasing  density.  Thus,  that  study  showed  that 
it  is  desirable  to  use  the  least  amount  of  A1203  which  will  produce  high  den¬ 
sity  pellets,  and  high  N2  pressure  sintering  is  a  way  of  obtaining  the  high 
densities  with  smaller  amounts  of  A1203  additions. 

Other  items  studied  in  that  program  involved  methods  of  adding  the  Al203 
and  the  fabrication  of  airfoils  by  cold  pressing  of  the  powders  and  sintering. 

It  was  shown  that  some  of  the  most  uniform  samples  were  prepared  when  the  A1203 
was  added  from  the  balls  in  the  ball  milling  operation.  While  this  technique 
appeared  to  produce  a  homogeneous  distribution  of  A1203  in  the  powder  mixture, 
it  had  the  drawback  of  being  dependent  on  the  number  of  balls  used  and  other 
variables.  Preliminary  studies  were  also  conducted  on  sintering  airfoil  shapes 
from  the  powders  studied.  The  most  difficult  part  of  that  work  was  the  preparation 
of  dies  and  developing  techniques  to  form  and  recover  complex  shapes.  A  number 
of  airfoil  shapes  were  prepared  from  Si 3N4-15Y203  material  by  pressureless 
sintering. 
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EXPERIMENTAL  PROCEDURES 


The  powders  used  in  this  study  were  a  SigN^  powder  (high  purity,  -325 
mesh)*  and  a  SN402  SigN^  powder**.  The  yttria  was  formed  by  bringing  Molycorp 
CP  grade  yttrium  oxalate  up  to  1000°C  in  air  and  down  over  a  24  hr  period.  The 
alumina  used  was  Fisher  CP  grade  material.  Most  powder  mixtures  were  formulated 
by  adding  Y2O3  to  each  of  the  SigN^  powders,  adding  methanol  as  the  fluid  media 
and  ball  milling  the  powders.  The  powders  were  dried  and  then  used  in  these 
investigations.  The  alumina  was  added  to  base  mixtures  by  manual  mixing  of 
the  powders  in  a  mortar  and  pestle. 

The  powders  were  pressed  into  pellets  or  rectangular  bars  and  fired  for 
various  times  at  1730  or  1800°C  in  BN  crucibles  with  BN  covers.  The  17306C 
runs  were  conducted  in  a  graphite  resistance  furnace  under  N2  at  1  atm  pressure. 
The  temperature  of  the  sample  was  obtained  from  an  optical  pyrometer  reading 
and  a  plot  relating  the  pyrometer  readings  to  temperature  obtained  from  thermo¬ 
couple  measurements.  The  high  N2  pressure,  1800°C,  runs  were  conducted  in  a 
carbon  resistance  furnace  where  the  temperature  was  obtained  from  the  power 
setting  and  a  plot  relating  the  power  setting  to  the  melting  point  of  several 
materials.  The  high  nitrogen  pressure  sintering  apparatus  was  described  in 
detail  in  Ref.  1  and  is  shown  in  Fig.  1.  This  unit  could  be  operated  at  tem¬ 
peratures  of  1800°C,  with  internal  pressures  as  high  as  20  atm.  Specimens 
5.0  cm  in  dia  by  7.6  cm  high  could  be  accommodated  within  the  graphite  heating 
element. 

The  typical  sintering  procedure  for  the  high  pressure  apparatus  involved 
first  placing  the  specimen  within  the  heating  chamber  and  securing  the  high 
pressure  flanges.  A  vacuum  pump  was  then  used  to  evacuate  the  system  so  that 
leak-tight  conditions  could  be  assured.  Nitrogen  gas  (Matheson  Ultra  High 
purity)  was  then  introduced  to  a  pressure  of  10  atm  and  held  at  this  level 
until  the  integrity  of  all  connections  for  water  cooling,  gas,  and  power  was 
established.  The  power  was  then  applied  to  bring  the  heating  chamber  up  to  the 
desired  level  for  that  particular  sintering  experiment.  A  cold  nitrogen 
starting  pressure  of  10  atm  yielded  a  system  pressure  of  20  atm  at  a  chamber 
temperature  of  1800°C.  At  the  end  of  the  sintering  interval,  the  temperature 
was  slowly  lowered  with  the  system  under  pressure.  At  room  temperature,  the 
high  pressure  gas  was  vented  and  the  specimen  was  removed.  The  densities 
reported  herein  were  obtained  by  weighing  the  samples  and  using  the  volume 
calculated  from  measured  dimensions. 
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EXPERIMENTAL  RESULTS 


Compositional  Variations  in  Si3N4-Y203-Al203  System 
Sintering  under  1.0  Atmospheres  N2 


In  a  previous  program  (Ref.  1)  it  had  been  shown  that  Si3N4  powder  when 
mixed  with  1$%  Y.,0^  and  aluminum  oxide  and  pressed  and  sintered  produced  high 
density  material.  The  most  oxidation  resistant  materials  were  those  in  which 
the  aluminum  oxide  content  was  kept  to  a  minimum.  The  lowest  A1;,03  content 
material  which  still  had  a  high  density  was  obtained  using  a  high  surface  area 
SN402  Si3N4  powder. 

In  this  program,  it  was  decided  to  examine  materials  prepared  using  the 
SN402  powder  with  decreasing  Y203  additions  to  determine  if  reducing  the  Y?03 
would  have  the  same  effect  of  improving  the  oxidation  resistance  of  the  material: 
as  reducing  the  A1,03  additions  did.  Base  mixtures  of  90  Si 3N4-10Y203 ,  92 
Si3N4-8Y203  and  94  Si3N4-6Y203  were  prepared.  Each  of  these  mixtures  were  ball 
milled  with  aluminum  oxide  balls  for  48  hrs.  The  desired  amount  of  aluminum 
oxide  was  added  to  these  mixtures  in  varying  amounts  (1  to  10%)  and  cold  pressed 
pellets  were  prepared  for  sintering.  The  added  aluminum  oxide  in  all  cases  was 
mixed  with  the  base  powder  using  a  mortar  and  pestle. 

The  first  three  sets  of  experiments  with  these  base  mixtures  were  all 
carried  out  at  sintering  conditions  of  1730°C  for  1  hr  under  flowing  nitrogen. 

In  Table  1  are  listed  the  experimental  data  for  the  Si3N4-6Y203  base  materials. 
The  percent  shrinkage  in  height  and  diameter  of  each  sample  in  this  series  was 
determined.  The  shrinkage  percentage  was  obtained  by  taking  the  difference  be¬ 
tween  the  pre-  and  post-sintered  dimension  and  dividing  this  difference  by  the 
initial  or  cold  pressed  pellet  dimensions.  This  information  for  the  Si3N4-6 
Y203  base  materials  is  also  listed  in  Table  1.  These  same  experimental  data 
for  the  Si3N4-8Y203  base  materials  are  listed  in  Table  2  and  the  data  for  the 
Si3N4-10Y203  base  materials  are  presented  in  Table  3. 

In  examining  the  data  for  the  first  materials  (Table  1)  it  can  be  seen 
that  the  densities  of  these  pellets  did  not  exceed  2.70  g/cm3  and  fairly  low 
densities  were  achieved  until  approximately  7%  A1203  was  added.  For  the  Si3N4- 
8Y203  base  materials  (Table  2)  reasonable  densities  (>2.90  g/cm3)  were  reached 
when  4  to  8%  A1203  had  been  added.  It  was  found  that  when  more  than  this 
amount  of  A1203  was  added  to  these  materials  the  final  densities  started  to 
decrease.  A  similar  examination  of  the  tabulated  data  in  Table  3  for  the 
Si3N4-10Y203  base  series  of  materials  indicates  that  densities  of  over  3.00 
g/cm3  can  be  attained  with  as  little  as  4%  Al203  additions. 
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The  densities  from  these  tables  are  shown  as  functions  of  aluminum  oxide 
additions  in  Fig.  2.  For  ease  of  comparison  a  smoothed  curve  for  each  of  the 
three  series  of  materials  was  drawn.  The  density  as  a  function  of  aluminum 
oxide  for  SijN4~15Y203  materials  obtained  in  the  previous  program  are  also 
shown  in  Fig.  2.  This  figure  shows  that  more  Al2°3  is  required  to  produce  high 
density  specimens  when  the  amount  of  Y203  in  the  mixture  is  decreased.  For 
the  three  series  of  materials  studied  in  this  program  at  the  high  concentrations 
(10%)  of  AI2O3  additions  the  final  densities  began  to  decrease. 

The  overall  shrinkage  percentages  for  the  Si3N4-6Y203  series  of  materials 
(Table  1)  are  less  than  those  for  the  other  two  series.  When  the  final  pellet 
density  approaches  3.0  g /cm3  these  linear  shrinkage  factors  reach  35%  (see  LPS 
246,  Table  2  and  LPS  248,  Table  3). 

Sintering  Under  20  Atmospheres  N2 

Using  these  same  mixtures,  more  cold  pressed  pellets  with  specific  A1203 
additions  were  prepared  for  higher  temperature  sintering  studies.  These  series 
of  samples  were  sintered  at  1800°C  for  1  hr  under  20  atms  of  nitrogen.  The 
experimental  data  obtained  from  these  sintering  studies  are  listed  in  Table  4. 

The  densities  as  a  function  of  aluminum  oxide  addition  for  these  materials  as 
well  as  for  a  Si3N4-15Y203  material  taken  from  the  previous  study  are  shown  in 
Fig.  3.  The  accompanying  shrinkage  percentages  are  listed  in  Table  4. 

In  examining  the  final  density  data  listed  in  Table  4,  it  is  interesting 
that  no  densities  in  this  series  fell  below  2.65  g/cm3.  When  comparing  these 
results  with  those  tabulated  in  Tables  1,  2  and  3,  it  can  be  seen  that  the 
1800°C  sintering  conditions  in  most  cases  yielded  samples  with  higher  final 
densities  than  those  of  corresponding  compositions  sintered  at  1730°C. 

The  curves  of  density  as  a  function  of  aluminum  oxides  additions  shown  in 
Fig.  3  indicate  that  although  the  density  increases  with  increasing  aluminum 
oxide  addition  is  fairly  linear,  there  is  a  crossover  between  the  Si3N4-6Y203 
and  Si3N4-8Y203  base  materials  at  low  A1203  additions.  The  decrease  in  density 
for  samples  with  high  aluminum  oxide  additions  which  was  observed  with  the 
1730°C  sintering  condition  only  occurred  during  the  1800°C  sintering  with  the 
Si3N4-10Y203  base  materials.  Again  it  is  shown  that  with  lower  Y203  content, 
more  Al203  is  required  to  achieve  the  higher  density  levels  with  these  mixtures. 

The  shrinkage  percentages  listed  in  Table  4  for  height  and  diameters  of  the  pellets 
were  again  approximately  35%  each  for  the  higher  density  samples. 
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Sintering  of  Si3Nu-15Y203  Materials 


These  preliminary  studies  indicated  that  lowering  the  Y203  content  of 
Si3N4-Y203  materials  made  them  more  difficult  to  sinter  to  high  densities. 

The  high  densities  for  the  lower  Y203  content  materials  could  be  achieved  by 
increasing  the  A1203  additions  or  possibly  by  modifying  the  processing  condi¬ 
tions.  Since  it  was  of  more  interest  at  this  point  in  this  program  to  obtain  some 
properties  of  these  materials,  samples  were  prepared  in  the  SN402  Si3N4-15Y203 
system  where  sintering  to  high  densities  was  easier  to  achieve.  The  base  mix¬ 
ture  (Si3N4-15Y203)  was  therefore  prepared  similar  to  the  previously  described 
preparation  procedure.  The  aluminum  oxide  at  levels  of  1,  2  and  3%  was  added 
and  manually  mixed  with  a  mortar  and  pestle  prior  to  cold  compaction.  For  this 
base  mixture  series  rectangular  bars  were  also  sintered  to  produce  samples  for 
mechanical  testing. 

The  sintering  for  these  three  aluminum  oxide  addition  series  was  carried 
out  at  1730°C  for  1  hr  under  one  atmosphere  of  flowing  nitrogen.  The  experi¬ 
mental  data  for  the  Si 3N4-I5Y2O3-IAI2O3  materials  are  listed  in  Table  5.  The 
first  two  specimens  (-A,  -B)  of  each  run  were  rectangular  bars  that  were  to  be 
used  for  mechanical  property  testing.  The  remaining  specimens  (-C,  -D,  etc.) 
were  of  a  pellet  shape.  Where  final  density  information  is  lacking  (such  as 
specimen  LPS  332A) ,  in  most  cases  this  indicates  that  the  rectangular  bar  was 
found  to  be  cracked  upon  removal  from  the  sintering  furnace.  In  Table  6  are 
listed  the  experimental  data  for  the  Si 3N4-I5Y2O3-2AI2O3  materials.  Again 
the  first  two  specimens  of  each  run  were  rectangular  bars  and  the  remaining 
specimens  were  of  a  pellet  geometry.  Similar  experimental  data  are  provided 
for  the  Si 3N4-15Y203-3Al203  materials  in  Table  7.  In  this  table,  for  experi¬ 
ments  LPS  308  through  LPS  314,  the  initial  dimensions  of  the  cold  press  rec¬ 
tangular  bars  were  not  recorded  at  Che  time  of  preparation. 

In  most  cases  the  rectangular  bars  which  were  made  for  physical  property 
measurements  were  not  dimensionally  square  enough  to  obtain  reliable  density 
data.  The  density  data  therefore  used  for  comparisons  was  always  taken  from 
measurements  of  the  pellet  specimens.  In  Table  8  are  listed  the  average  den¬ 
sities  of  pellets  from  each  experimental  run  and  also  the  average  final  pellet 
densities  for  samples  containing  the  same  percentage  of  aluminum  oxide  addition 
to  the  base  mixtures.  The  density  for  the  material  containing  1%  Al203  is 
higher  than  would  be  expected  from  the  previous  study.  The  density  of  the  3% 

A1203  addition  series  of  materials  (3.104  g /cm3)  is  what  would  be  exp.rted  from 
previous  studies.  The  shrinkage  factors  fall  in  the  same  range  a-  hjsr  ob¬ 
tained  with  the  previous  6,  8  and  10%  Y203  containing  mixtures  and  .’gait.  the 
35%  shrinkage  takes  place  when  the  higher  densities  are  achieved. 
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Table  8 


Final  Pellet  Densities  for  SN402  Si3tJ4-15Y203  with  Various  A1203 
Additions  Sintered  at  1730°C  for  1  hr 


Specimen  Average  Density  % 

Run  Humber  _ g/cm3 _  AI2O3  Addition 


LPS 

331 

3.006 

1 

LPS 

332 

3.008 

1 

Group  Avg. 

3.007 

LPS 

322 

3.128 

2 

LPS 

323 

2.865 

2 

LPS 

324 

3.023 

2 

LPS 

325 

3.060 

2 

LPS 

326 

3.071 

2 

LPS 

327 

3.026 

2 

LPS 

330 

2.994 

2 

LPS 

333 

3.030 

2 

Group  Avg. 

3.025 

LPS 

315 

3.152 

3 

LPS 

317 

3.324 

3 

LPS 

318 

3.022 

3 

LPS 

321 

3.165 

3 

LPS 

328 

2.955 

3 

LPS 

329 

3.005 

3 

Group  Avg. 

3.104 
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Measurement  of  Properties 


The  initial  measurements  of  modulus  rupture  were  made  on  four  rectangular 
bars  of  Si3N4- 15Y203-A1203  materials.  The  specimens  were  cold  pressed  from  one 
direction  in  preparation  and  were  slightly  distorted  after  heating.  The  speci¬ 
mens  were  not  machined,  but  measured  in  the  as-sintered  condition.  The  results 
of  three  point  modulus  of  rupture  tests  are  listed  in  Table  9.  The  values  of 
280  to  370  MPa  (40  to  54  ksi)  for  these  samples  gave  encouragement  that  good 
values  could  be  obtained  for  better  prepared  samples  and  samples  prepared  in  the 
high  N~>  pressure  sintering  furnace.  The  results  of  tests  on  samples  cold  com¬ 
pacted  under  isostatic  pressure  before  sintering  are  described  later. 

Rather  than  wait  for  samples  produced  using  improved  techniques,  one  of  the 
above  described  rectangular  bars  was  creep  tested  at  1300°C  in  argon.  A  sample 
containing  3Z  A1203  was  chosen  because  it  had  the  highest  density,  but  as  can  be 
seen  from  data  in  Table  10  for  this  creep  test  and  shown  in  Fig.  4,  the  creep  rate 
of  the  sample  was  high,  '1  x  10-2  in/ in  hr,  compared  with  hot  pressed  Si3N4  (NC  132) 
which  has  a  creep  rate  of  3.2  x  10_tt  in/in  hr  at  1350°C  under  a  similar  load  of 
10  ksi  (70  MPa).  This  would  be  expected  because  of  the  high  percentage  of  Al203 
in  the  sample. 


Oxidation  Studies 

The  oxidation  behavior  of  selected  Si3N4  sintered  materials  made  with  the 
various  amounts  of  Y203  and  A1203  were  examined  by  measuring  the  weight  gain  as 
a  function  of  time  during  exposure  in  air  at  1300°C  for  100  hrs.  It  had  been 
shown  in  a  previous  program  (Ref.  1)  that  GTE  SN402  Si3N4  bodies  prepared  from  a 
mixture  of  Si 3N4-15Y20 3- . 5Al203which  had  been  sintered  at  1800°C  under  20  at¬ 
mospheres  of  N2  was  more  oxidation  resistant  than  hot-pressed  NC-132.  The 
determination  of  the  effect  of  reducing  the  Y203  in  Si3N4-Y203-Al203  materials 
was  of  interest  in  this  program. 

In  Table  11  is  listed  the  final  weight  gain  in  mg/cm2  after  100  hrs  at 
1300°C  in  air  for  those  specimens  studied.  The  components,  the  density,  and 
sintering  method  are  also  listed  in  this  table.  The  first  four  specimens  were 
sintered  at  1800°C  for  1  hr  under  20  atmospheres  of  N2 .  In  sample  HPS  9B  the 
amount  of  Y203  was  decreased  (to  10%)  but  the  A1203  addition  had  to  be  increased 
(to  6%)  to  obtain  the  same  density  that  was  previously  achieved  with  levels  of  1% 
A1203  additions  to  the  Si3N4-15Y203  mixtures.  This  increase  in  A1203  content  appears 
to  have  a  negative  effect  on  the  oxidation  resistance  of  this  material  compared  to 
those  prepared  with  the  more  Y203  but  less  A1203  (specimens  HPS  12,  14A,  and  29). 

This  same  effect  is  apparent  for  the  material  prepared  at  1730°C.  For 
Si3N4-10Y203-6Al203  (LPS  250)  and  Si3N4-10Y203-4Al203  (LPS  248)  when  compared 
with  LPS  323  (Si 3N4-15Y203-2A120 3)  exhibit  this  behavior.  Comparing  LPS  250  (6% 
Al203)  with  LPS  248  (4%  A1203)  also  indicates  that  for  materials  containing  the 
same  amount  of  Y?03  a  decrease  in  aluminum  oxide  content  increased  the  oxidation 
resistance. 
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Table  9 


Three  Point  Modulus  of  Rupture  Test  Results  for 
S13N4-I5Y2O3  Materials  Sintered  at  1730°C  for  1  hr 
(unmachined  samples) 


Specimen 

% 

Modulus 

of  Rupture 

Number 

Density 
g/cm  3 

AI2O3 

ksi 

MPa 

LPS  311A 

3.120 

3 

49.8 

344 

LPS  312A 

3.134 

3 

53.7 

370 

LPS  316A 

3.108 

3 

40.6 

280 

LPS  322D 

3.205 

2 

53.7 

370 
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G. 


STRAIN  vs  TIME  FOR  Si3N4  -  15  Y203  -  3AI203 

CREEP  TESTED  AT  1300°C  IN  ARGON 
STRESS  LEVEL  10.000  psi 


80-10-1SM 


Table  10 


Creep  in  Bending  at  1300°C  in  Argon 
Si 3N4-15Y203-3Al203  Materials 


Time  10,000  psi 

Min  ^in  L in/ in 

0  .00049  .00028 

5 

10  .00340  .00190 

13 

20  .00640  .00370 

25 

30  .00970  .00560 

35 

40  .01250  .00720 

45 

50  .01500  .00860 

55 

60  .01725  .00989 

65 

70  .01940  .OHIO 


Table  11 


Oxidation  Weight  Gains  After  100  hrs 
Exposure  in  Air  at  1300°C 


Specimen 

Number 

Si,Nu:Y?0, 

A1203 

Additions 

Temp,  of 
Sintering 
°C 

Atmos 

of 

N2 

Density 
g/cm  3 

Wt  Gaii 
mg/cm2 

HPS  9B 

90:10 

6 

1800 

20 

3.120 

2.60 

12 

85:15 

1 

1800 

20 

3.119 

0.32 

14A 

85:15 

.5 

1800 

20 

3.029 

0.81 

29 

85:15 

.5 

1800 

20 

2.100 

0.64 

LPS  250 

90:10 

6 

1730 

1 

3.033 

4.80 

248 

90:10 

4 

1730 

1 

3.116 

2.70 

LPS  235 

92:8 

6 

1730 

1 

2.938 

0.57 

246 

92:8 

4.5 

1730 

1 

3.023 

0.64 

LPS  308 

85:15 

3 

1730 

1 

3.075 

3.87 

315 

85:15 

3 

1730 

1 

3.326 

4.24 

LPS  323 

85:15 

2 

1730 

1 

2.721 

0.80 

324 

85:15 

2 

1730 

1 

3.158 

0.14 

330C 

85:15 

2 

1730 

1 

3.166 

1.07 

LPS  331C 

35:15 

1 

1730 

1 

3.183 

0.74 

0.47 

Norton  HP 

— 

_ 

_ 

0.53 

NC-132 

~ 
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Examining  LPS  308  and  LPS  315  (Si3N4-15Y20  3~3Al20  3)  with  the  group  LPS  323, 
324,  330C  (Si3N4-15Y203-2Al203)  and  LPS  331C  (Si 3N4-15Y20 3-lAl 20 3)  indicates 
again  that  within  one  series  of  materials  where  the  Y203  content  is  kept  the 
same,  the  less  aluminum  oxide  added  the  better  the  oxidation  resistance  of  the 
material.  The  oxidation  resistances  of  LPS  323,  LPS  324  and  LPS  331C  compare 
very  well  with  the  oxidation  resistances  of  two  specimens  of  hot-pressed  NC-132 
also  shown  in  this  table.  The  oxidation  resistances  of  the  last  mentioned 
specimens  also  compare  favorably  with  those  observed  for  Si 3N4-1 5Y202- . 5A1203  (HPS 
14A,  29)  which  were  (listed  at  the  beginning  of  this  table)  sintered  at  1800°C 
under  20  atmospheres  of  nitrogen. 

The  behavior  of  LPS  235  (Si 3N4-8Y 20 3-6AI 20 3)  and  specimen  LPS  246 
(Si 3N4-8Y20 3-4. 5A1 20 3)  also  show  superior  oxidation  resistances  although  the 
amount  of  Y203  has  been  decreased  (below  15%)  and  the  amount  of  A1 20 3  increased. 
This  indicates  that  there  are  compositions  in  the  Si 3N 4-Y 20 3-Al 20 3  system  other 
than  Si ^N^-ISY 20 3- . 5A1 20 3  which  also  could  have  good  oxidation  resistances.  The 
ease  of  sintering  of  the  Si3N4-15Y203  materials  would  have  to  be  weighed  against 
the  potentially  improved  oxidation  resistance  of  lower  Y203  content  materials. 


Heat  Treatment  Studies 

A  heat  treatment  was  employed  in  an  attempt  to  improve  the  oxidation  re¬ 
sistance  and  mechanical  strength  of  specimens  that  had  been  previously  sintered 
at  1730°C  for  1  hr  under  flowing  nitrogen.  Gazza  and  co-workers  have  shown  that 
heat  treatments  improved  the  properties  of  hot-pressed  Si3N4  (Ref.  13).  The 
continuous  heat  treatment  chosen  consisted  of  a  20  hr  soak  at  1150°C  under 
argon,  followed  by  an  18  hr  soak  at  1250°C  under  a  flowing  atmosphere  of  96% 
N2-4%  H2  and  then  a  36  hr  exposure  at  1375°C  in  this  same  flowing  atmosphere. 

The  composition  chosen  for  this  heat  treatment  was  Si3N4-15Y203-3Al203 
because  it  was  easy  to  sinter  to  high  densities.  Seven  specimens  were  treated 
at  one  time.  The  weight  and  linear  measurements  of  these  seven  specimens  be¬ 
fore  and  after  heat  treatment  are  given  in  Table  12.  All  seven  lost  some  weight 
during  this  heat  treatment.  Four  of  them  increased  in  height  and  width  and 
three  increased  in  diameter.  The  loss  in  weight  combined  with  the  larger  cal¬ 
culated  volume  resulted  in  all  seven  specimens  decreasing  in  density  after  the 
heat  treatment. 

Two  of  these  specimens  LPS  316C  and  LPS  317A  were  exposed  to  air  at  1300°C. 
The  results  of  these  tests  are  listed  in  Table  13.  The  effect  of  density  on 
oxidation  resistance  can  be  seen  by  comparing  the  weight  gain  of  LPS  317C  (den¬ 
sity  of  2.607  g/cm3)  of  2.06  mg/cm2  with  that  of  LPS  316A  (density  2.941  g/cm3) 
which  recorded  a  weight  gain  of  only  0.50  mg/cm2  after  the  100  hr  exposure  at 
1300°C. 
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LPS  318C  .1200  .190 


Oxidation  Weight  Gain  After  100  hrs  Exposure  in  Air  at  1300°C  for 
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This  same  specimen  (LPS  316C)  can  be  compared  with  LPS  315  which  gained  about 
4.0  mg/cm  .  Both  samples  have  the  same  composition  and  were  prepared  in  the 
same  way  except  that  LPS  316C  was  heat  treated  as  described  above.  Even  though 
the  density  of  LPS  316C  decreased  some  during  the  heat  treatment  it  was  not  as 
great  as  for  other  samples  and  the  result  was  that  the  weight  gain  after  100  hrs 
exposure  to  air  at  1300°C  was  only  .50  rag/cm2.  This  indicates  that  the  heat 
treatment  can  be  beneficial  if  the  density  of  the  sample  is  not  reduced  to  too 
low  a  value.  This  might  be  accomplished  better  by  using  a  less  severe  heat 
treatment  process. 

The  rectangular  bars  which  had  been  heat  treated  (LPS  315B  and  LPS  318A) 
were  tested  for  modulus  of  rupture  and  are  listed  in  Table  14.  Note  that  the 
densities  of  these  samples  had  been  decreased  significantly  by  the  heat  treat¬ 
ment.  As  would  be  expected,  the  strength  of  materials  also  decreased.  For  that 
reason,  the  samples  were  not  creep  tested. 


Isostatic  Cold  Compaction  Studies 

Near  the  end  of  this  program  an  isostatic  cold  press  capable  of  210  MPa 
(30  ksi)  became  available.  Rectangular  bar  specimens  of  Si 3N4-I5Y2O3  materials 
with  1,  2  and  3 2  AI2O3  additions  were  prepared.  These  were  cold  pressed  in  the 
normal  manner.  The  cold  pressed  bars  were  then  placed  into  individual  latex 
bags  which  were  evacuated  and  tied  off.  A  group  of  these  samples  were  then 
isostatically  pressed  to  185  MPa  (27  ksi)  at  one  time.  After  removal  from  the 
press  these  samples  were  sintered  in  the  normal  procedure  at  1730°C  for  1  hr 
under  flowing  nitrogen. 

The  results  from  the  modulus  of  rupture  testing  of  these  bars  which  were 
not  machined  are  listed  in  Table  15.  The  value  of  514  MPa  (74.5  ksi)  obtained 
from  specimen  LPS  364A  indicates  that  this  method  of  preparing  samples  could 
lead  to  the  formation  of  high  strength  materials  especially  if  the  speci¬ 

mens  are  prepared  under  N2  pressure  at  1800°C. 


Sintering  of  Blade  Shapes 

To  be  able  to  form  complex  shapes  of  high  density,  oxidation  resistant 
silicon  nitride  bodies  without  the  tedious  and  expensive  machining  procedures 
required  with  hot-pressed  material  was  one  of  the  goals  of  this  program. 
Pressureless  sintering  of  the  proper  chosen  composition  could  produce  a  usable 
product  directly  from  the  sintering  operation  if  the  proper  mold  was  available 
and  shrinkage  factors  were  known. 
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Table  14 


Specimen 

Number 


LPS  315B 
LPS  318A 


Three  Point  Modulus  of  Rupture  Test  Results  for 
Heat  Treated  Si3N4 -15Y203-3A1203 
(unmachined  samples) 


Density 

Density 

Modulus 

of  Rupture 

g/cm3 

Before 

Heat  treatment 

g/cm3 

After 

Heat  Treatment 

ksi 

MPa 

2.972 

2.761 

20.4 

141 

2.739 

2.365 

30.9 

213 

31 
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Table  15 


Three  Point 

Cold 

Modulus  of  Rupture  Test  Results 
Isostatic  Pressed  and  Sintered 
Si3N4-15Y?03  Materials 
(unmachined  samples) 

for 

Specimen 

Number 

Density 

% 

A1 2°  3 

Modulus  of 

Rupture 

g/cm  3 

ksi 

MPa 

LPS  364A 

3.241 

1 

74.5 

514 

LPS  364B 

3.283 

2 

53.0 

366 

LPS  365B 

3.088 

2 

59.8 

413 

LPS  364C 

3.141 

3 

62.7 

432 

LPS  365C 

2.995 

3 

38.1 

263 

To  investigate  this  process  a  steel  and  die  plunger  assembly  was  fabri¬ 
cated  to  cold  press  silicon  nitride  powder  mixtures  into  an  airfoil  shape. 

The  airfoil  shape  was  arrived  at  by  hand  machining  a  long  steel  plunger  to 
the  desired  contour.  This  piece  was  then  used  as  the  tool  for  an  EDM  machining 
process  and  passed  through  a  steel  cube.  After  machining  the  steel  plunger 
was  cut  in  two  and  became  the  top  and  bottom  plunger  for  the  die  cavity.  For 
compacting  and  cold  pressing  powders,  the  0.0012  cm  (0.003  in.)  clearance  from 
the  EDM  machining  operation  between  the  cavity  and  plunger  assembly  was  not 
a  problem. 

These  cold  pressed  shapes  were  then  sintered  at  1730°C  in  a  graphite  tube 
furnace  for  1  hr  under  an  atmosphere  of  flowing  nitrogen.  During  each  blade 
sintering,  a  small  pellet  of  the  same  powder  composition  was  also  sintered  and 
its  density  used  as  an  indication  of  the  final  airfoil  density. 

The  silicon  nitride  powder  mixture  chosen  for  this  study  was  made  up  of 
80%  AME  S^Ni,,  15%  Y2O3,  and  5%  AI2O3.  Fifty  gram  lots  of  mixture  were  milled 
for  48  hrs  with  aluminum  oxide  mixing  balls.  This  mixture  was  chosen  for  the 
initial  experiments  because  it  sintered  well,  but  it  did  not  produce  samples 
with  the  best  strength  and  oxidation  resistance.  In  Table  16  are  listed  the 
experiments  made  with  this  mixture  and  the  airfoil  shaped  die.  The  initial 
height  of  the  cold  pressed  blade  and  final  height  after  sintering  are  listed 
along  with  similar  data  for  the  accompanying  pellet.  The  blade  shapes  decreased 
in  height  an  average  of  26.7%  whereas  the  pellets  showed  a  decrease  in  height 
after  sintering  of  23.8%.  The  average  diameter  shrinkage  of  the  pellets  was 
also  23.8%.  These  shrinkage  factors  (23%)  are  considerably  less  than  those  ob¬ 
tained  with  the  GTE  SN402  powder  with  comparable  Y203  and  A1203  content  that 
were  listed  in  Table  7.  In  those  cases  recorded  shrinkage  percentages  were  in 
the  35%  range  for  these  dimensions.  A  photograph  of  typical  blades  produced 
is  shown  in  Fig.  5. 

Thin  slabs  were  machined  from  these  airfoil  shapes  and  measurements  of  the 
modulus  of  rupture  on  these  pieces  yielded  values  between  345  MPa  to  365  MPa 
(50  ksi  to  53  ksi).  This  is  what  would  be  expected  for  the  composition  used. 

Attempts  to  sinter  a  hollow  airfoil  with  this  blade  shaped  die  were  not 
successful.  The  positioning  of  a  dummy  core  during  the  cold  pressing  of  the 

powder  could  not  be  controlled.  Hollow  cold  compacts  with  nonuniform  wall 

thickness  cracked  upon  being  exposed  to  sintering  conditions  at  1730°C. 

To  investigate  the  general  problems  associated  with  sintering  hollow 
shapes,  a  simple  right  circular  three  piece  cylindrical  steel  die  was  fabri¬ 
cated.  This  die  yielded  a  cold  pressed  powder  ring  with  an  0D  of  2.22  cm  (0.875 

in.),  ID  of  1.587  cm  (0.625  in.)  and  heights  up  to  1.70  cm  (0.670  in.). 
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BLADE  SHAPES  MADE  BY  PRESSURELESS 
SINTERING  OF  Si3N4  —  15Y203 


Since  a  new  large  container  was  to  be  used  to  contain  these  rings  during 
sintering  there  was  some  concern  about  temperature  uniformity  in  the  larger 
volume  container.  To  investigate  this  potential  problem,  four  pellets  were 
prepared  from  the  silicon  nitride  powder  mixture  previously  described  and  placed 
at  various  locations  within  this  container.  For  identification  after  sintering 
each  pellet  was  cold  pressed  to  a  different  initial  height.  In  Table  17  are 
listed  the  dimensions  of  these  pellets  before  and  after  sintering  along  with 
their  final  densities.  Shrinkage  percentages  for  the  height  and  diameter  are 
also  provided  in  this  table.  Both  final  density  and  shrinkage  percentages  for 
these  four  pellets  were  fairly  uniform.  This  would  indicate  that  the  new  larger 
container  would  pose  no  problem  from  uneven  thermal  distribution. 

The  cold  pressed  ring  compacts  produced  from  this  three  piece  steel  die 
could  easily  be  removed  and  appeared  to  be  free  from  cracks  prior  to  sintering. 
In  Table  18  are  listed  the  initial  and  final  dimensions  of  the  rings  made  with 
these  dies  along  with  the  comparable  shrinkage  percentages  for  these  specimens. 
No  contraction  cracks  were  observed  although  shrinkage  percentages  of  up  to  28% 
were  taking  place  in  thin  wall  cylinders.  For  example,  in  specimen  47,  initial 
wall  thickness  was  0.3065  cm  (0.121  in.)  with  a  final  wall  thickness  of  0.255 
cm  (0.100  in.)  after  sintering.  With  the  exception  of  specimens  44,  50  and  51, 
the  remaining  seven  experimental  runs  yielded  fairly  uniform  densities. 
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Table  17 

Verification  of  Uniform  Thermal  Distribution 
Within  Large  Container 


Pellet 

Dia. 

Height 

Density 

Dia. 

Height 

Density 

cm 

cm 

g/cm3 

cm 

cm 

g/cm3 

A 

1.348 

.473 

1.319 

.993 

.359 

3.182 

1 

B 

1.348 

.527 

1.317 

.991 

.410 

3.123 

T 

C 

1.348 

.581 

1.292 

.980 

.437 

3.219 

( 

D 

1.348 

.609 

1.332 

.992 

.475 

3.130 

CONCLUSIONS 


1.  Studies  on  the  S^N^-Y^C^-AliC^  system  have  shown  that  reducing  the 
Y;0 3  content  of  these  materials  from  the  Si3N4-15Y2C>3  composition  made  the 
samples  more  difficult  to  sinter.  Some  improvement  in  sinterability  could  be 
obtained  by  increasing  the  AI2O3  content. 

2.  Oxidation  studies  on  Si3N4~6Y203,  Si3N4-8Y;>03,  Si3N4~10YT03  and 
Si3N4-15Y203  materials  confirmed  previous  conclusions  that  the  oxidation  re¬ 
sistance  of  these  materials  improves  with  increasing  density  and  decreasing 
amounts  of  A1 2 0 3  in  the  samples.  Specimens  with  oxidation  resistance  com¬ 
parable  to  hot  pressed  material  can  be  prepared.  Since  these  samples  did  not 
have  theoretical  densities,  there  appears  to  be  room  for  further  improvements 
in  oxidation  resistance. 

3.  The  use  of  a  H2/N2  high  temperature  treatment  appears  to  improve  the 
oxidation  resistance  of  these  materials  if  their  densities  do  not  decrease  to 
very  low  values  during  the  heating  process.  Lowering  the  density  results  in  a 
decrease  in  the  strength  of  the  samples.  A  less  severe  heat  treatment  may  result 
in  a  high  strength  oxidation  resistant  material. 

4.  The  density  of  the  samples  prepared  by  pressureless  sintering  are 
still  below  theoretical  density.  Better  processing  conditions  are  needed  to 
optimize  the  strength  of  these  materials.  The  use  of  temperatures  > 1C00°C  and 
high  N'j  overpressures  could  help  to  achieve  these  higher  strengths. 

5.  Strengths  of  514  MPa  (75  ksi)  have  been  obtained  for  a  Si3N4-15Y2C>3- 
IAI2O3  material  by  using  isostatic  compaction  before  sintering.  This  technique 
should  be  used  in  combination  with  high  N2  overpressure  sintering  so  that  lower 
AI2O3  content  materials  can  be  prepared  and  higher  densities  can  be  achieved. 

This  should  result  in  materials  with  higher  strengths  as  well  as  better  oxi¬ 
dation  resistances. 
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